With appropriate management controls and statistical designs, on-farm trials are an increasingly valuable research tool. On-farm trials can speed up technology adoption, particularly with those studies requiring large numbers of animals. Useful designs include longitudinal (pen vs. pen) trials, in which pen is the experimental unit, and crossover or switchback designs, in which treatments are imposed on a schedule over 1 or more experimental groups. A paired-herd design has been used, in which herds are the experimental units in a crossover trial. Others have published similar studies, including a multisite crossover design that used 35 dairy farms to compare milk responses with a protein source by using individual cow records to evaluate differences in milk production. Recently, statistical process control (SPC) techniques have been used to evaluate management changes by using repeated measures on the farm. Although a drawback to SPC may be the lack of traditional statistics to test differences (i.e., the lack of a control group), standard run rules are used to demonstrate with statistical certainty that a process or variable has changed, or to characterize a seasonal change. With SPC, the inference is limited to the herd or group of animals being monitored. Metaanalysis techniques are powerful tools used to combine results from many similar trials in which the response of interest is either small (i.e., continuous variables) or of low frequency (i.e., discrete variables). Meta-analysis can be used to segment a database so as to validate and compare trial methods or to investigate publication bias. Additional design concerns for reproduction studies include the need for adequate numbers of observations and planning for the lag time between an experimental treatment and response measurement (e.g., confirmation of pregnancy).
INTRODUCTION
Livestock industries continue to make rapid progress in incorporating new technologies to increase efficiency, improve consumer acceptance, and remain competitive. For example, the US dairy industry in 2007 produced 59% more milk with only 36% of the cows and 35% of the feed used by the industry in 1944 (Capper et al., 2009) . The pressure to evaluate, incorporate, and adapt new technologies continues to increase with industry competitiveness. However, the availability of university research herds for product testing has decreased. As a result, university dairy herds may be best used for basic mode-of-action or fundamental research (Tempelman, 2009 ). This has increased the demand for quality research performed on commercial herds, either monitored and supervised by university personnel (Adams et al., 1995) or in combination with contract researchers or feed industry personnel (Shaver and Garrett, 1997) , in which replicated, statistically valid designs can be used to test or corroborate concepts or applications in an industrial setting (Tempelman, 2009) . The purpose of this paper is to review techniques used successfully in on-farm or commercial dairy trials and to define current best practices and what is needed for future directions and successes.
In addition to testing under production conditions, a major reason to conduct field trials, as opposed to those on dedicated research herds (e.g., university herds), is that the sample size needed to detect a desired level of difference is often much greater than the size of a dedicated herd. For example, using a type-I error rate α of 0.05 and a type-II error rate β of 0.20 (i.e., a power of 0.80), a reproduction study would need more than 2,700 breedings to detect a 5 percentage point difference in conception rate (Fleiss, 1981; J. D. Ferguson, University of Pennsylvania, Philadelphia, personal communication) . Likewise, a production study with 2 treatments in a completely randomized design would require approximately 350 cows per treatment to detect a 1.0 kg/d difference in milk production when using an α of 0.05, a β of 0.20, and assuming a SD of residuals (SE) of 5.0 kg/d (Yandell, 1997) . For experiments designed to test the equivalency of 2 treatments, Dixon (1998) recommends establishing predetermined upper and lower limits of equivalency, based on biological or economic considerations. Commercial herds may be the best option for generating adequate animal numbers to accept or reject the null hypothesis that 2 treatments are equivalent when using 2 one-sided tests of the upper and lower limits.
SELECTING THE TRIAL HERDS
Perhaps the most important aspect of conducting a field trial is the careful consideration of prospective study herds. Only herd managers who truly want to be involved with the research project and who are willing to work diligently and carefully with the study protocol should be included. Important points to consider when selecting a participating herd include the following (J. E. P. Santos, University of Florida, Gainesville, personal communication).
1. A study herd manager should have some interest in the area being researched and should recognize that he or she will probably need to be more precise and careful with all management procedures pertaining to the study pens than what is typical on the farm. 2. A treatment should probably not be considered for testing in a field trial until the researcher has adequate confidence that the treatment should not adversely affect animal performance. If there is a possibility of a reduction in animal performance, then it should be agreed on before initiation of the trial which areas pertaining to animal performance will be monitored, and how the dairy farm will be compensated for any significant deviations from the control groups. 3. The researchers should try to use multiple pens per treatment, with the recognition that the more pens that can be used, the greater the statistical power. In a longitudinal trial, multiple pens per treatment are necessary for a statistically valid design. If multiple pens per treatment are not feasible, crossover designs, in which treatments are rotated across pens, should be used. 4. The researchers should have a thorough knowledge of cow flow and management on the farm, and of the individual(s) responsible for making decisions regarding cow management.
5. The researchers should perform all the work that pertains to the specific research project. Although it can vary with the research project, researchers should be on the farm almost every day to make sure that protocols are being followed and that groups are being managed the same (e.g., bedding amounts, time in holding area, distance traveled to parlor, lock-up times). 6. The correct animals must be in the appropriate pens. Ideally, this would be verified on a daily basis. 7. The nutritionist, veterinarian, and other pertinent consultants should be fully informed of the research project. They may recognize potential problems with implementation of the protocol, and can be helpful in ensuring protocol compliance. 8. The feeder and herd managers should also be well informed regarding the study, its protocols, and the reasons for increased accuracy and attentiveness. In a nutrition study, the only difference between the control and treatment diets must be the treatment of interest. Care should be taken to minimize the potential for variation between the formulated and consumed rations. Ideally, forages would be premixed before load preparation, and then the loads of feed for the control and treatment diets would made from the same batch of premixed forages. Grain mixes can help to increase accuracy. Researchers should be extremely cautious of adding the treatment to the residual load after the control group was fed; particle size of total mixed rations can easily be reduced, and the treatment may not be adequately dispersed throughout the total mixed ration. 9. In addition, these items must be discussed before conducting an on-farm study: a. Will ingredient DM be determined frequently enough so that accurate DMI can be determined on a daily or weekly basis? b. How will pen intakes vs. individual milk production data be reconciled? c. How often will feed weigh-backs be determined? d. Can the dairy design permit "mirror image" or very similar pens (or dairy farms) to be compared? e. Have the researchers ensured that within a given pen or production group, cows are randomly assigned or do not vary by stage of lactation, pregnancy status, parity, or other criteria that could influence their responses?
EXPERIMENTAL DESIGNS
Most new technologies used on dairy farms go through several phases of testing and research, beginning with a definition of the mode of action, through feasibility, eco- Engstrom et al. nomic viability, and finally, application to commercial conditions. Hutjens (2002) defined these stages from "experimental" through "recommended" depending on the available support data. Several designs have been well documented for testing applications and programs on commercial farms.
Longitudinal Designs
In this common trial design (St-Pierre, 1999; Tempelman, 2004, Kononoff and Hanford, 2006; Robinson et al., 2006) , the herd is split by pens into treatment and control groups. Cows or pens are allotted randomly, and the 2 treatment groups are fed concurrently. Replication and large numbers of cows per pen usually increase the statistical power of this design (St-Pierre, 1999; Robinson et al., 2006) .
Advantages. The advantages to a longitudinal design are straightforward statistics and less sensitivity to lag time between the initiation of the treatment and response than with crossover designs. Longitudinal designs are less sensitive to stage of lactation than are crossover designs.
Drawbacks. Longitudinal designs can lack pento-pen uniformity, and animals can inadvertently be moved among pens and production groups. It can be difficult to pair pens in early lactation, and each treatment group requires separate record keeping (i.e., bulk tank measurements cannot be used). Longitudinal designs require extra rations and labor on the farm, which increase the possibility for mix-ups.
Crossover Designs
Many examples of crossover designs can be found in the literature (Ferguson et al., 2000a; Sanchez et al., 2005; Harrison et al., 2006) . In a crossover design, the experimental units are subjected to a sequence of at least 2 treatments. In switchback designs, the experimental units are subjected more than once to at least 1 treatment. Latin squares are specialized crossover designs in which both periods and treatments are sequenced uniformly. Post peak, the lactation curve is often considered linear through time or is mathematically defined (Scott et al., 1996; Shaver and Garrett, 1997; Grossman et al., 1999) . This allows crossover designs to factor out the effect of time on the response variables. In switchback designs, this can be accomplished only if 2 reciprocal (i.e., mirror) treatment sequences are used (Cochran and Cox, 1957) . For example, in the case of 2 treatments, A and B, one-half of the pens would receive the sequence A 1 B 2 A 3 , whereas the other one-half would receive the sequence B 1 A 2 B 3 (where the subscripts denote the periods). For a pen in the first sequence, the difference between treatment A and B is estimated as [(A 1 + A 3 ) ÷ 2] − B 2 . This estimate is orthogonal to (i.e., independent of) the linear component of the period effects. If treatment lag time and carryover are short (<2 wk), multiple switchbacks can be used during the post peak lactation to replicate testing.
Advantages. Advantages to crossover designs include the ability to use the herd, pen, or cow as a control; less concern than with the split-herd design for the need to randomize pens; fewer management changes on the farm; and less chance for mix-ups if the entire herd is involved. Generally, all crossover designs have greater statistical power, given a certain number of experimental units, than longitudinal designs.
Drawbacks. The lag time between a treatment and response can be a drawback to the crossover design. Crossover designs are very sensitive to environmental (i.e., nontreatment) effects and have limited applicability to early-lactation or long-term reproduction studies.
Paired-Herd Design
A variation of the crossover design (Sanchez et al., 2005) , paired herds can be used to correct for seasonality of response (Engstrom et al., 2006) or changes in production merely due to season or forage harvesting. Herd pairs within a geographic region are allotted so that when one herd receives the control regimen, the other herd receives the treatment, and vice versa. Herds, as opposed to pens, are the experimental units.
An advantage of paired-herd designs is that they use the advantages of both switchback and split-herd designs, but they remove some environmental effects. A drawback is that paired-herd designs require pairs of herds to be in close regional proximity and are sensitive to unknown or unadjustable changes occurring on only one of the paired dairies.
Multisite Design
A multisite dairy nutrition study was reported by Ferguson et al. (2000a,b) . This study used 33,190 milk records from 7,135 cows at 35 dairy farms to compare milk and component production during the treatment (i.e., protein supplement) period compared with control production before and after the crossover. Their statistical model included cow, herd, parity, and days in milk, and was sensitive enough to detect 0.9-kg changes in daily milk production with a CV of 6 to 14%. Shaver and Garrett (1997) reported a variant of the multisite design, using 11 herds in an "off-on-on-off" switchback to account for lag time in reaching a treatment effect. See Figure 1 for a schematic of the design of Shaver and Garrett (1997) for post peak cows and heifers.
The advantage of multisite designs is that they can be used to measure regional effects or, through regression analysis, to investigate conditions influencing a response. However, multisite designs are expensive, logistically difficult, and require several trained monitors working with identical protocols.
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APPROPRIATE EXPERIMENTAL UNITS
An experimental unit is usually defined as the smallest unit on which treatments can be applied randomly. This definition states a necessary condition for the identification of an experimental unit (i.e., treatment applied randomly), and St-Pierre (2007) has pointed out that all uncontrolled factors must also be randomized. Clearly, this condition may not always be realized when cows are housed in pens.
In the studies by Ferguson et al. (2000a,b) , treatments were applied to pens, and differences were analyzed by regression analysis, using cow as the experimental unit. Problems with considering animals as the experimental units when animals are in pens have long been identified (Gill, 1989) . St-Pierre and Jones (1999) and St-Pierre (2007) explained why this leads to an inaccurate probability of treatment effects, problems of causal inferences, and potentially biased estimates of treatment effects. Tempelman (2009) argued that when cows are grouped together in pens and all animals in a given pen receive the same treatment, then pen must be considered the experimental unit.
REPRODUCTION STUDIES
Events related to reproduction that may be of interest to researchers include measures of metritis, hormonal patterns and concentrations, follicular dynamics, time to specific events (e.g., first ovulation or insemination, pregnancy), and the proportion achieving an outcome (e.g., pregnancy). Field trials are particularly useful for reproductive studies because very large numbers of animals are typically needed to detect treatment differences for response variables of financial importance to producers.
J. D. Ferguson (University of Pennsylvania, Philadelphia, personal communication) recommended blocking on variables known to be associated with the outcome of interest. For example, if the objective is to detect a difference in conception rate, then blocks should include age, season of calving, and production level. Provided that animal numbers are sufficient, potential confounding variables (e.g., incidence of dystocia, hypocalcemia, retained placenta, metritis) should be evenly distributed across groups.
Measurements associated with reproduction experiments are either categorical variables, often binary (e.g., pregnant vs. open), or continuous variables (e.g., hormonal concentrations), which can take the form of event time (e.g., days to pregnancy). Statistical models used to evaluate reproduction outcomes include contingency tables, GLM, and logistic regression for categorical outcomes; linear and nonlinear models (i.e., ANO-VA) for continuous variables; and survival analysis for event time outcomes.
META-ANALYSIS
When using pen as the experimental unit in field studies, the gains from increasing the number of animals may be offset by reduced statistical power resulting from a reduction in degrees of freedom. The multipen or multiherd option has several advantages as the design of choice in field studies. An additional advantage of this design is that when this type of study is complete, it can be incorporated into a meta-analysis.
A meta-analysis is arguably the fastest growing statistical tool being used today to summarize scientific data. In contrast to a single study, which is often called a primary study in meta-analysis literature, a metaanalysis allows the use of an entire database of evidence. In the past, this was a tedious task done by locating, reading, and analyzing each paper on a subject to make an overall analysis. Today, many researchers are turning to statistical meta-analysis to make this process more efficient, more objective, and ultimately more precise.
Almost 50 yr ago, Steel and Torrie (1960) described statistical procedures for combining probabilities from independent trials by using chi-squared analysis. Their pooling procedure required only that the original test criteria "be reasonably complete with respect to probability levels" (Steel and Torrie, 1960) and that the final analysis could result in a significant difference from observed trends. Despite this, most analyses of multiple studies in the last several decades have been primarily via a narrative review. An expert would read the studies in a given field, summarize the findings, and then make a recommendation. Besides taking an enormous amount of time and resources, this approach lacks statistical rigor and can be subject to considerable publication bias. To overcome some of these limitations, a more systematic review process or meta-analysis has become very common (Mann, 1990; St-Pierre, 2001; Borenstein et al., 2009) .
For this type of analysis, the researcher would gather data from all the field studies and statistically analyze the data. Unlike narrative reviews, in which the reviewer applies a level of importance to each study, the meta-analysis assigns weights based on variance and sample size. A summary statistic or effect size is computed and tested for overall significance in the same manner that statistical significance is determined in a primary study. The effect size is the unit of currency in a meta-analysis, and the weights are based in part on the variance.
The meta-analysis can thus provide a transparent, unbiased, and repeatable process to evaluate data. Additional benefits of the meta-analysis procedure are that it allows us to determine if the lack of significance of a treatment is real or due to low power, which is often the case in primary studies, or whether treatment responses differ because of some type of outside influencing factor or covariate, and whether there is a bias (Duffield et al., 2008) because of missing field studies that might have resulted in a negative response if they had been conducted or reported.
STATISTICAL PROCESS CONTROL
Several researchers (Dooley et al., 1997; Lukas et al., 2005 Lukas et al., , 2008 Montgomery, 2005) have used statistical process control (SPC) techniques to separate random variation from true changes in various production measurements, including water consumption, DMI, bulk tank somatic cell counts, and measurements of milk components (e.g., butterfat, protein). Originally developed for use by manufacturing industries, SPC shows promise for on-farm research wherever 1) routine timeordered measures of management data (e.g., DMI, bulk tank somatic cell count, percentage of milk fat, milk production per cow) are being recorded; 2) time frame or seasonality can be determined and predicted; and 3) variability of the response measure is less than the hypothesized response from an intervention.
The intent of SPC is to monitor a process and correct it when it gets out of control. A primary tool used for SPC is the control chart, a time-ordered graphical representation of certain descriptive statistics for specific quantitative measurements of the manufacturing process. These descriptive statistics are displayed in the control chart in comparison with their in-control sampling distributions. The comparison detects any unusual variation in the process that could indicate a change in the process. Milk components are normally analyzed in each bulk tank shipment of milk and can be collected from processor Web sites. Milk fat data often can be used as a proxy for monitoring the feeding program. This is because there is often a link between percentage of milk fat in the bulk tank and variation in the feeding program. Using SPC techniques can be a valuable aid in monitoring milk components and thus related changes in feed programs. Figure 2 shows an SPC tool developed to monitor milk components on farm. The chart shows weekly milk fat averages from a dairy farm. The mean, upper confidence limit, lower confidence limit, and deviation (i.e., sigma) values are indicated as determined from SPC calculations (Lukas et al., 2008) . Standard rules can be used to detect when real changes occur, compared with normal variation. For example, the last 2 wk would indicate a real and negative change in milk fat based on the rule that when a data point falls outside of the 3-sigma line, it represents a significant change in the process. Often, milk processors include data from several previous years, which can be useful to determine if the recent changes are due to seasonal patterns or something else, such as a nutritional change.
FUTURE NEEDS
Critical needs for the advancement of on-farm dairy research include the following:
1. Pen DMI can be difficult to determine on commercial dairy farms; however, with commercially available feed management programs, proper feeder training, diligent DM determinations, and constant attention to pen counts and animal movements, accurate intakes can be determined. 2. As the popularity of meta-analysis increases, the value of published, replicated, reliable trials increases. 3. A robust lactation curve model, with the ability to correct for parity, season, age, stage of lactation, and milk components, would permit more rapid evaluation of production changes on commercial dairy farms. A test-day model shows promise (Van Amburgh, et al., 1998) , along with milk production standardized to 150-d, matureequivalent 305-d milk, and other milk production models (Scott et al., 1996; Grossman et al., 1999) . The early-lactation transition period is particularly important to research but is difficult to characterize.
Conclusions
Commercial dairy herds are attractive for nutritional research because of the availability of large animal numbers and individual production records. However, candidate farms must be screened painstakingly on the basis of available labor, lack of random variation, and control of experimental conditions. Movement of experimental animals among pens during the study must be tracked and controlled. Monitoring and attention to detail can result in publication-quality on-farm research. Many acceptable experimental models have been published, with the most rapid advances occurring in SPC and meta-analysis techniques.
